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ABSTRACT
When a circumbinary disk surrounds a binary whose secondary’s mass is at least ∼ 10−2×
the primary’s mass, a nearly empty cavity with radius a few times the binary separation is carved
out of the disk. Narrow streams of material pass from the inner edge of the circumbinary disk
into the domain of the binary itself, where they eventually join onto the small disks orbiting the
members of the binary. Using data from 3-d MHD simulations of this process, we determine the
luminosity of these streams; it is mostly due to weak laminar shocks, and is in general only a few
percent of the luminosity of adjacent regions of either the circumbinary disk or the “mini-disks”.
This luminosity therefore hardly affects the deficit in the thermal continuum predicted on the
basis of a perfectly dark gap region.
Subject headings: accretion, accretion disks — binaries: general — MHD — methods: numerical
1. Introduction
Circumbinary disks are ubiquitous astronomi-
cal objects. They are often observed around young
binary stars (e.g., Dutrey et al. 1994; Andrews
& Williams 2005) and may have already been
detected in disk-planet systems (Reggiani et al.
2014; Biller et al. 2014; Sallum et al. 2015). They
may also be present around supermassive binary
black holes (SMBBHs) as galaxies merge (Begel-
man et al. 1980; Ivanov et al. 1999; Merritt &
Milosavljevic´ 2005). When the mass ratio is not
too far from unity, the binary clears out a low den-
sity gap in the disk center, crossed by one or two
narrow streams. Emanating from the inner edge
of the circumbinary disk, some of the matter in
these streams reaches “mini-disks” attached to the
members of the binary, while some of the matter
suffers strong torques and swings back out to the
circumbinary disk. (Artymowicz & Lubow 1994;
Gu¨nther & Kley 2002; MacFadyen & Milosavljevic´
2008; Cuadra et al. 2009; Hanawa et al. 2010; de
Val-Borro et al. 2011; Roedig et al. 2012; Shi et al.
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2012; D’Orazio et al. 2013; Farris et al. 2014; Shi
& Krolik 2015; D’Orazio et al. 2016).
A natural question to ask is therefore: does this
distinctive region produce a characteristic light
signal? There is some controversy about the an-
swer to this question. A number of papers have ar-
gued that the gap region of a circum-SMBBH disk,
including the streams, should be relatively dim,
and would therefore produce a dip in the ther-
mal disk spectrum over a specific range of wave-
lengths dependent upon the parameters of the sys-
tem (Roedig & Sesana 2012; Tanaka et al. 2012;
Gu¨ltekin & Miller 2012; Kocsis et al. 2012; Tanaka
& Haiman 2013; Roedig et al. 2014). Others have
pointed to events on either the inside or the out-
side of the gap as creating distinct radiative fea-
tures. It has been suggested, for example, that
because the accretion rate across the gap is in
general modulated strongly at a frequency com-
parable to the orbital frequency, so, too, should
the bolometric accretion luminosity from the mini-
disks (MacFadyen & Milosavljevic´ 2008; D’Orazio
et al. 2013). However, this is unlikely to occur be-
cause most of the luminosity from the mini-disks
is made in their inner radii, and the inflow time
from the rim of a mini-disk is much longer than
the binary orbital period (Farris et al. 2014). On
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the other hand, Roedig et al. (2014) pointed out
that the shock created where streams from the cir-
cumbinary disk hit the outer rim of the mini-disks
should be quite bright, radiating primarily in the
hard X-ray band, and, unlike the accretion lumi-
nosity, its output should reflect the modulation be-
cause the local Compton cooling time is short. No-
ble et al. (2012) identified another possible signa-
ture in thermal emission from the inner edge of the
circumbinary disk due to shocks driven by return-
ing streams. The radially integrated luminosity of
this component is consistent with the amount of
work done by the binary torque on the disk, as ar-
gued in Shi et al. (2012). Recently, however, Far-
ris et al. (2014) have computed thermal emission
from the gap proper as well as its edges based on
their 2D hydrodynamic simulations, reaching the
surprising conclusion that, far from being dim, the
streams can actually be more luminous than the
inner region of the circumbinary disk.
Unfortunately, this last effort depended upon
an assumption with potentially significant impli-
cations for the result. Their heating rate was
calculated on the basis of a phenomenological “α
model” shear viscosity. This model was invented
by Shakura & Sunyaev (1973) to mock up inter-
nal disk accretion stresses now known to be due to
MHD turbulence driven by the magneto-rotational
instability (Balbus & Hawley 1998). Because the
dynamical state of the streams is quite different
from the nearly-circular orbits inside an accretion
disk, it is not at all clear whether this model is
applicable to them.
In this paper we set out to test these assump-
tions by measuring the heating rate in the streams
as determined by a pair of 3-d MHD simulations
first reported in Shi & Krolik (2015). These sim-
ulations make no phenomenological assumptions
relevant to dissipative processes, and should there-
fore provide an accurate measure of local heat-
ing whether due to small-scale turbulence or co-
herent dissipative features like shocks. Despite
their assumed isothermal equation of state, we can
also evaluate pdV temperature changes from their
stored velocity data.
2. Methods
Our data are from the simulations of Shi &
Krolik (2015). Two 3-d MHD simulations of cir-
cumbinary disks around circular orbiting binaries
of mass ratio q = 1 and 0.1 are analyzed in this
work. The simulations adopted a global isother-
mal equation of state. Shocks are captured with
von Neumann-Richtmyer explicit bulk viscosity
defined as (Stone & Norman 1992)
νsh ≡
{
Csh∆x
2(−∇ · v) if ∇ · v < 0
0 otherwise,
(1)
where ∆x is the cell width, and Csh = 2 is a
fixed number characterizing the number of cells
over which the artificial bulk viscosity spreads a
shock. The corresponding dissipation rate can be
integrated over the volume of the gap region via:
Qsh ≡
∫
rdrdφdz [ρνsh(∇ · v)2] (2)
=
∫
rdrdφΣ 〈νsh(∇ · v)2〉ρ,z
=
∫
rdrdφ qsh.
Here we define the rate of shock dissipation per
unit surface area as
qsh ≡ Σ 〈νsh(∇ · v)2〉ρ,z . (3)
This vertically-integrated quantity is useful to
study because the principal dynamics of the
streams are in the equatorial plane.
Our isothermal equation of state implicitly as-
sumes that work done by adiabatic compression
is immediately radiated away. However, it is also
equally true that an isothermal equation of state
injects heat during adiabatic expansion. The net
of these two effects (if positive) is the fairest es-
timate of the actual luminosity associated with
thermal work. We can calculate its magnitude by
evaluating the −p∇ · v term in the hydrodynamic
energy equation.
3. Results
3.1. Dissipation rate
In Figure 1, we show snapshots of the dissipa-
tion rate per unit surface area in the horizontal
disk plane. The shock heating (qsh) is mostly con-
fined within the gas stream and, as we will show
later, is strongest when binary torques acting on
the stream push it outward.
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Fig. 1.— Snapshots of vertically-integrated shock dissipation rate per unit area (qsh), surface density (Σ),
density-weighted, vertically-averaged radial velocity (vr), and vertically-integrated thermal work (−pdV ) for
equal mass (left four panels at t = 1329Ω−1bin) and q = 0.1 case (right four panels, at t = 1356Ω
−1
bin).
In Figure 2, we display the dissipation rate in-
tegrated out to rout as a function of time. As can
be seen, shocks are well-defined events, so we can
easily choose an outer boundary for their contribu-
tion to the heating. By definition, the shock heat-
ing Qsh is always positive. In the equal mass bi-
nary, the time averaged shock heating takes places
mostly around r & 1.5a, where the shocks are
strongest. A smaller amount takes place at r ∼ 3a
where the shocks propagate into the disk interior.
On the other hand, in the q = 0.1 binary, the time
averaged heating rate is distributed more broadly
in radius over the range a . r . 3a.
In contrast, the −pdV work is somewhat more
broadly distributed spatially, and can have ei-
ther sign. Although its absolute magnitude can
be greater than that of qsh, its variation in sign
leads to substantial cancellation. In fact, Figure 2
shows that the net time-averaged −pdV work is
always negative, i.e., creates cooling, within the
gap region. Indeed, it is particularly large and
negative at the inner edge of the circumbinary
disk, just inside the surface density maximum (see
also Figure 4 of Shi & Krolik 2015). For our
volume-integrated quantities, we therefore choose
the gap’s outer edge rout = 2.5a for the equal mass
binary and 2.2a for the q = 0.1 case. We note
that our qualitative conclusions, both about the
net effect of adiabatic temperature changes and
the overall magnitude of stream luminosity, do not
depend in any significant way on the exact choice
of rout.
We plot the time history of the radially-
integrated dissipation rates in Figure 3, normal-
izing the dissipation to the instantaneous value
of GMM˙/a. The accretion rate is measured at
the inner boundary rin, and we neglect the small
difference between M˙(r = rin) and M˙(r = a). We
find: (1) Qsh and −pdV are comparable to one an-
other, but in this volume-integrated sense −pdV
is a factor of a few smaller and generally negative.
(2) both q = 0.1 and q = 1 show strong oscilla-
tions even after the normalization; the q = 0.1 case
shows more regular and lower frequency fluctua-
tions (when measured in units of Ω−1bin) although
the amplitude is in general smaller than in the
equal mass case. (3) in both cases and at all
times, both heating rates are less than 10% of the
total power that could be tapped from accretion;
in an average sense, their magnitudes are closer
to a few percent of that power. To be quantita-
tive, the actual time-averaged normalized heating
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Fig. 2.— Integrated dissipation rates within radius rout (in code units) as a function of rout and time are
shown in terms of space-time diagrams. Time-averaged values are shown on the right. Top two panels are
for q = 1, bottom two for q = 0.1.
rates are: 〈Qsh/(GMM˙/a)〉t ' 0.037 (0.017) for
q = 1 (q = 0.1), 〈−pdV/(GMM˙/a)〉t ' −0.031
(−0.038) for q = 1 (q = 0.1).
Figure 4 shows the same evolution of dissipa-
tion but normalized with time averaged accretion
〈GMM˙/a〉t. Surprisingly, the amplitudes change
rather little. The reason is that the heating rates
are modulated at the same frequencies as the ac-
cretion rate, but with a phase offset. This offset
provides an important clue to the mechanism driv-
ing the shocks.
To study this phase relationship, we compute
the cross-correlation functions between the heat-
ing rates and the accretion rate. These are shown
in Figure 5. When q = 0.1, there is a strong peak
in the cross-correlation function indicating that
fluctuations in the shock heating rate follow fluc-
tuations in the accretion rate with a lag ' 2Ω−1bin.
That mass-ratio also displays a weaker, but signif-
icant, peak at a slightly larger lag for fluctuations
in the adiabatic compression work. Two peaks
appear in the q = 1 case, but they are actually
the same peak: both the accretion rate and the
shock heating rate are modulated at a frequency
' 1.5Ωbin, whose period (∼ 4Ω−1bin) is the separa-
tion between the two peaks. Thus, in this case,
too, the heating rates follow variations in the ac-
cretion rate with a lag ' 2Ω−1bin. This delay oc-
curs because the shocks take place in matter that
has fallen in almost to the inner cut-out, but then
moves outward as binary torques raise its angu-
lar momentum. The outward acceleration takes
' 2Ω−1bin to be accomplished.
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Fig. 3.— Time history of Qsh and −pdV normal-
ized to the instantaneous GMM˙/a (at the inner
boundary) for q = 1 (top two panels) and q = 0.1
(bottom two panels).
3.2. Gridscale dissipation
So far, we have identified sources of luminos-
ity as either genuine shock heating or adiabatic
compression. However, in turbulent fluids there
can also be a contribution from subsonic dissipa-
tion acting on the scale of the smallest turbulent
eddies, creating heat by dissipation of either fluid
kinetic energy or magnetic fields. This kind of dis-
sipation provides most of the heating in ordinary
accretion disks; it is also the sort of heating that
the α-model hopes to capture.
It is, however, very difficult to capture in a re-
alistic way in fluid simulations because the physi-
cal dissipation lengthscale is very very small com-
pared to feasible grid resolutions. Instead, numer-
ical simulations mimic this dissipation by gridscale
Fig. 4.— Same as Figure 3 but normalized to the
time averaged 〈GMM˙/a〉t measured at the inner
boundary.
numerical effects. Because MHD simulations can
develop turbulence as a result of the magnetorota-
tional instability, there is a reasonable hope that
the turbulent cascade in such a simulation car-
ries energy to the dissipation scale at the same
rate as in a physical disk. Hydrodynamic disks
do not exhibit turbulence; hence the insertion
of phenomenological models to create dissipation.
In energy-conserving (and non-isothermal) MHD
simulations, the gridscale dissipation is automati-
cally captured into heat. However, the ZEUS code
used in these simulations solves an internal energy
equation rather than a total energy equation, and
our equation of state is isothermal. Nonetheless, it
is still possible to estimate the magnitude of this
sort of dissipation in our simulations by suppos-
ing that the shear part (the traceless part) of the
velocity gradient tensor is comparable in magni-
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Fig. 5.— Cross correlation between the accretion
rate and the dissipation rates. Shock heating vari-
ations follow accretion rate variations with a lag
∼ 2Ω−1bin .(black solid lines)
tude to the divergence part (the part containing
non-zero trace), and then supposing that the nu-
merical effective shear viscosity is comparable to
the explicit artificial bulk viscosity.
In the bulk of the circumbinary disk, turbulent
dissipation almost certainly dominates the local
heating rate. However, the gap region is different.
The streams are nearly laminar, i.e., their fluctu-
ations in fluid quantities are small compared to
their mean values. We quantify this statement
by defining the fractional turbulent velocity am-
plitude as 〈|vz|〉ρ,z/〈(v2r + δv2φ + v2z )1/2〉ρ,z and the
fractional turbulent magnetic field amplitude as
〈|Bz|〉ρ,z/〈B2〉ρ,z. The values of these quantities
are shown in Figure 6. The accretion streams’ lo-
cations within these images are identified by the
concentrated white contours, which show the sur-
face density. Within the streams, the fractional
turbulent amplitudes of both velocity and mag-
netic field are clearly much smaller than in the
truly turbulent circumbinary disk: whereas both
amplitudes are frequently ' 0.5 in the circumbi-
nary disk, they are both almost always< 0.1 in the
accretion streams, and frequently closer to 0.01.
Because dissipation scales with the square of the
fluctuation amplitude, we estimate that turbulent
dissipation within the streams must be quite small
compared to the shock heating, almost certainly
< 10−2Qshock. In the streams, therefore, turbu-
lent dissipation adds little heating to the already
Fig. 6.— 〈|vz|〉ρ,z/〈(v2r +δv2φ+v2z )1/2〉ρ,z (top) and
〈|Bz|〉ρ,z/〈B2〉ρ,z (bottom) in color scales which
characterize the amplitude of the turbulence. The
overlaid surface density contours (in white) show
ten consecutive values logarithmically scaled be-
tween 10−3 to 1. Clearly, within the gas stream
(where contour lines concentrate) the turbulent
amplitude is largely weaker than that in the disk
body.
small amount created by shocks.
3.3. Thermal spectra
We now calculate the thermal spectrum of an
accreting binary by taking account shock heating
in the streams crossing the gap as well as accre-
tion heating in both the circumbinary disk and the
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mini-disks. For the two conventional disk regions,
we follow Roedig et al. (2014). We define a charac-
teristic temperature by assuming steady accretion
and radiative cooling locally at r = a:
T0 ≡
(
3GMM˙(a)
8piσa3
)1/4
, (4)
where M˙(a) is the time averaged accretion rate at
r = a. 1 The effective temperature at any radius
within either the circumbinary disk or the mini-
disks would scale as
T
(disk)
eff (r) / T0 =
(
M˙(r)
M˙(a)
)1/4 (a
r
)3/4
, (5)
where r is the distance from the system center-
of-mass in the circumbinary disk, while it is the
distance from the corresponding black hole in a
mini-disk. The accretion rate is likewise divided
into individual mini-disk portions. Our simulation
achieved steady accretion out to to r . 4a, so
the local effective temperature in the circumbinary
disk is mostly determined by the power law r−3/4.
We further assume the two mini-disks are filled
to their tidal truncation radii. The temperature
at the outside edges of individual mini-disks are
calculated with equations (4-5) in Roedig et al.
(2014), which assume the two mini-disks receive
fractions f1,2 of the total accretion rate, where f1+
f2 = 1 and f1/f2 = q.
Following Roedig et al. (2014), we write the
spectral emissivity of all the disks, circumbinary
or mini, in the form
L(disk) =
32pia2
3h3c2g4
(kT0)
8/31/3
∫ uh
ul
du
u5/3
eu/g − 1 ,
(6)
where  ≡ hν, u ≡ /(kT (disk)eff ), g ' 1.7 is the
hardening factor due to strong electron scattering,
and ul and uh are the lower and upper bounds of
the integral, which are set by the effective tem-
peratures at the inner and outer edge of the disk.
The inner disks are integrated from ul = 0 up to
u1 and u2 defined in Equation (9-10) of Roedig
et al. (2014); the emission of the outer disk is in-
tegrated from r = rout (2.5a for the q = 1 binary
and 2.2a for the q = 0.1 binary) out to 4a.
1For the q = 0.1 case, we neglect the small difference be-
tween r = a and the inner simulational boundary, which is
at r ' 1.02.
Similarly, the effective temperature of the
stream shock regions can be scaled as
T
(sh)
eff / T0 =
(
8pia3qsh
3GMM˙(a)
)1/4
. (7)
As Figure 1 illustrates, T
(sh)
eff is a strong function
of position within the gap region. We can then
integrate over the shock heating regions and find
L(sh) =
8pia2
h3c2g4
3
∫ rout
rin
r/a
eu/g − 1d
( r
a
) dφ
2pi
, (8)
where u = /(kT
(sh)
eff ). Here rin = a and rout =
2.5a (2.2a) for the q = 1 (q = 0.1) case, as dis-
cussed in section 3.1.
The resulting spectra are displayed in Figure 7
for both mass-ratio cases. Clearly, the deep de-
pression of the binary spectrum (black curve) is
still present even after the radiation within the
gap region (red dashed) is added. Compared to
the radiation from the gap region that would have
been emitted from a classic disk (no gap; blue dot-
ted), the stream luminosity is two orders of mag-
nitude smaller in amplitude, and what little is ra-
diated is shifted to photons roughly a factor of
two higher in energy. The time variation of the
stream contribution to the spectrum is bounded
by the two red dotted lines, which show the most
extreme values of the luminosity found during our
simulation. Even these extrema differ by only a
factor of a few from the mean values, so at no
time do they make significant contributions to fill-
ing the “notch” shown in the spectra of Roedig
et al. (2014).
These results differ from those of Farris et al.
(2015), who found, using the α-model, that emis-
sion from the streams can mask the “notches”
completely. It appears that the α-model, designed
to mimic turbulent dissipation through a “vis-
cous” stress proportional to the local shear, over-
estimates the heating rate because there is sub-
stantial shear in the streams, but only weak tur-
bulence. The actual stream luminosity is mainly
due to laminar shocks, and is much smaller than
the α-model estimate.
4. Conclusions and Implications
Given that shock heating in the streams is at
most a few percent of the accretion luminosity
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Fig. 7.— Thermal spectra for circumbinary disks with equal (left, q = 1) and unequal (right, q = 0.1) mass
binaries. The solid black lines show the total spectra, while different components are in color as labeled
in the legend. The red dashed curves show the time averaged values of the stream; the red dotted curves
are the largest and smallest instantaneous contributions to the luminosity. For comparison, a classic steady
accretion disk component between rin and rout, the gap region, is shown as a blue dotted curve. The black
dotted line is the classic 1/3 spectrum.
on the radial scale of the gap, and our best es-
timate of turbulent dissipation within the streams
is that it should be < 1% of the shock heating, it
seems unlikely that their luminosity can be more
than a rather small fraction of the ordinary ac-
cretion luminosity produced either near the inner
edge of the circumbinary disk or near the outer
edges of the mini-disks around the members of
the binary. For this reason, we disagree with the
claim made by Farris et al. (2015), who applied
an “α-viscosity” model to stream fluid dynamics,
that the streams should, if anything, be brighter
than the adjacent portions of the disks. Instead,
our results support the prediction of Roedig et al.
(2014) that the thermal continua of accreting bi-
naries should be marked by a “notch” centered on
the frequencies corresponding to the temperature
an ordinary disk would have on a radial scale of
order the binary separation.
For typical parameters of supermassive binary
black holes, the characteristic disk temperature
scales as
T0 = 1.9× 104
( η
0.1
)−1/4( M˙
M˙E
)1/4
(9)
×
(
M
108M
)−1/4(
a
102Rg
)−3/4
K ,
where M˙E ≡ LE/(η c2), with η denoting the accre-
tion energy conversion rate, Rg the Schwarzschild
radius, M˙ the outer disk accretion rate, and LE
the Eddington luminosity. The typical energy
scale shown in Figure 7 is then ∼ 0.1–10 eV if
the binary separation is ∼ 100Rg, η ∼ 0.1, and
M˙ and M are not too far from M˙E and 10
8M
respectively.
We can also estimate the typical optical depth
in the gas streams based on their surface density in
our simulations. In code units, we find this varies
within the range ∼ 0.1–0.5Σ0). If we assume that
electron scattering opacity dominates, the implied
optical depth is
τT ' (92−460)
( η
0.1
)−1( M˙
M˙E
)(
a
102Rg
)−1/2
.
(10)
Thus, for η ∼ 0.1 and M˙ . M˙E, we expect Thom-
son optical depths τT ∼ 100 when the binary sep-
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aration is about 100Rg. Adopting Kramer’s law
for absorption opacity, we have
τa = 3.2× 1022 Σ2H−1 T−7/2eff (11)
' (2.5−65)× 10−4
( η
0.1
)−9/8( M˙
M˙E
)9/8
×
(
M
108M
)−15/8(
a
102Rg
)13/8
.
Here we adopt Σ = 2ρH and H ≡ cs/Ω(r) =
0.1(r/a)3/2 a with r = 1.5a for the location of the
stream. To obtain this number, we estimated the
effective temperature using Equation 7; it is a fac-
tor of a few greater than T0. Together with τT, we
find the effective absorption optical depth is
τ∗ ' √τT τa (12)
' (0.15− 1.73)
( η
0.1
)−17/16( M˙
M˙E
)17/16
×
(
M
108M
)−15/16(
a
102Rg
)9/16
.
Again taking η ∼ 0.1 and M˙ close to M˙E, we find
the effective opacity is roughly order unity. How-
ever, the scale height of our simulation (H/R ∼
0.1) is likely an overestimate of the scale height
in a realistic disk in these circumstances, so that
the absorption optical depth, which is ∝ H−1/2,
might be rather larger. If so, the spectrum radi-
ated even by the streams would be reasonably well
thermalized.
The temperature at the stream surface should
closely track the shock heating rate in the interior
of the stream because the cooling time should be
at worst comparable to the disk dynamical time,
and likely shorter. Even using the simulation scale
height, we find:
tcoolΩ ' HΩτ/c (13)
' (0.64−0.33)
( η
0.1
)−1( M˙
M˙E
)(
a
102Rg
)−1
.
In fact, the short cooling time gives some justifica-
tion to our assumption of an isothermal equation
of state in treating the shocks.
We close this discussion with one last remark.
In ordinary accretion disks, matter traversing a
factor of several in radius must lose significant en-
ergy to do so; that raises the question of what hap-
pens to the energy the streams don’t radiate. The
answer is that when these shocks join the binary,
they do so by striking the outer edge of one of the
mini-disks surrounding each black hole. As Roedig
et al. (2014) showed, there is a very strong shock
where this happens, in which the Compton cool-
ing time is very short. Thus, the energy not lost
by slow thermal emission is instead lost rapidly by
Compton cooling at the edge of a mini-disk. In a
fashion attractive to observations, it would also be
modulated with a frequency of order that of the
binary. However, it plays no role in the thermal
spectrum because the characteristic energy of the
Compton-scattered photons is ∼ 100 keV.
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